'5N nuclear magnetic resonance investigations of some amino acids were carried out in order to check the applicability of this method to biological problems. Because the natural abundance of the '5N isotope is not sufficient to get readable spectra in a reasonable time, 95% 15N isotope-enriched samples were used for the measurements. Besides ifie chemical shift values, the line widths, and the nuclear Overhauser enhancement factors, spin lattice relaxation times of the correspondent 15N resonances were measured as functions of pH and temperature.
ABSTRACT
'5N nuclear magnetic resonance investigations of some amino acids were carried out in order to check the applicability of this method to biological problems. Because the natural abundance of the '5N isotope is not sufficient to get readable spectra in a reasonable time, 95% 15N isotope-enriched samples were used for the measurements. Besides ifie chemical shift values, the line widths, and the nuclear Overhauser enhancement factors, spin lattice relaxation times of the correspondent 15N resonances were measured as functions of pH and temperature.
The functional groups that bear the 15N nucleus reveal characteristic differences in the measured uantities. The exchange behavior of protons attached to the AN with protons of the solvent water permits certain insights into the mechanism of these processes. The various contributions to spin lattice relaxation of the investigated '5N resonances are discussed. Although 15N nuclear magnetic resonance (NMR) spectroscopy appears to be very useful for investigating structures of nitrogen-containing molecules, the low natural abundance and unfavorable sensitivity of the 15N nucleus have limited its application (1) . This is especially true with biologically relevant molecules, inasmuch as these substances are usually available only in fairly small quantities. Some progress may, however, be obtained by the enrichment of the 15N isotope to increase the signal-to-noise ratio of 15N NMR. Several authors have shown that 15N NMR in general and in particular of amino acid residues or other biologically important molecules may reveal data not only of molecular structure, i.e., values of the chemical shift or coupling constants, but also data of the dynamic behavior of the investigated molecule (2-6). The purpose of this paper is to report new results of 15N NMR work on various amino acids. Effects of chemical exchange, chemical shifts, coupling constants, line shapes, nuclear Overhauser enhancements, and nuclear relaxation rates of 15N-enriched glycine, lysine, glutamine, arginine, and proline have been measured as a function of pH and temperature.
EXPERIMENTAL SECTION 15N-enriched (95%) glycine, glutamine (-CO15NH2), lysine (-a-15NH2), proline, and arginine [-NH-C-(15NH2)2] were purchased from Rohstoff Einfuhr GmbH., Dusseldorf, Germany.
For all measurements the amino acids were dissolved in doubly distilled water; the pH value was adjusted with HCI and NaOH (reagent grade). In order to avoid paramagnetic impurities all solutions were shaken after the pH adjustment with Chelex 100 (Bio-Rad) according to the procedure of Irving and Lapidot (7) . After removal of paramagnetic impurities the solution was transferred to an NMR sample tube (Wilmad, N.J. 15N resonances of a-NH2 groups are shifted downfield when the carboxylate group is deprotonated, whereas an upfield shift is observed when the amino group itself is deprotonated. The difference in 6 between cation and zwitterion is rather large (1.8-2.0 ppm) although the change in charge is further away from the nitrogen. The '3C resonance of the carboxylate group is shifted by only about 2 ppm when the carboxylate ion is protonated (9) . A possible reason for the larger change in the nitrogen chemical shift is hydrogen bonding between the a-NH2 group and the carboxyl group in the zwitterion form of the amino acid. As Leipert and Noggle already pointed out, for glycine, hydrogen bonding may lead to a deshielding of the nitrogen nucleus, i.e., to a downfield shift of the '5N resonance (8) .
The IJ'IN-lH coupling constant values correspond to the differences of the investigated amino acids (10 
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T2°4 - [2] In the limit of slow exchange (-reJ» >> 1) the following expression may be used:
Te [3] Using these equations, the exchange rates of protons have been determined. In Figs. 3 glutamine and the NH2 groups of the guanidinium group of arginine are shown. In the exchange behavior of the protons the chemical differences of the investigated nitrogen nuclei become apparent. The pH dependence of the exchange rates of ca-amino or imino groups is similar to the exchange rates found for dior trimethylamine as well as for methylamine (15, 17) . Base catalysis apparently accelerates the exchange of protons when the pH is increased. The influence of basic exchange partners could be determined by concentration-dependent measurements. In the case of the solvent water, OH-ions and H20 molecules are responsible for the base catalysis. A possible mechanism of the proton exchange by base catalysis is depicted It should be emphasized that this mechanism is not exclusive; several other mechanisms may be possible. The exchange rates of protons bound to the amide structure of glutamine or to the guanidinium NH2 groups of arginine reveal a similar pH dependence at pH values above pH = 4. A sharp increase in the exchange rates at pH = 10 for glutami or pH = 7 for arginine indicates that apparently also in these NH2 groups base catalysis of the exchange is occurring. This sharp increase of the exchange rates is certainly a measure for the basic character of the amino or imino group very much like the individual pK value.
Hence it is reasonable that the order in the scale of pK values of the corresponding NH2 or NH groups is the same as the order of pH values of the sharp increase in the exchange rates.
Below pH = 2 the proton exchange rates of the amide and N.
7'. (19) . However, no deviation from linearity in the logarithmic plot of T1 versus 1/T is found (Fig. 7) , which is typical for dipolar relaxation; hence, spin rotational relaxation seems unlikely.
Another possible mechanism is the rotational modulation of the shielding anisotropy (20) , and indeed this mechanism may be effective, resulting in the small contribution to spin lattice relaxation of glutamine (COI5NH2). suggestion has to be obtained from a frequency dependence of T1 (3, 20) .
From an anomalous pH dependence of the NOE of glycine it was concluded that scalar relaxation produced by modulation of chemical exchange and spin rotational relaxation contributes considerably to spin lattice relaxation (4, 8 
